AlMCM-41 mesoporous molecular sieve modified by impregnation with sulphuric acid in toluene possesses only Brönsted acid sites. The catalyst exhibits a high catalytic activity for tert-butylation of phenol with high selectivity to 2,4-di-tert-butylphenol in liquid phase. 27 Al MAS NMR study indicates that the modification of AlMCM-41 with sulphuric acid in toluene leaves only octahedrally coordinated Al species. The tetrahedrally coordinated Al species which exist before modification with sulphuric acid in toluene being dealuminated to form extraframework octahedrally coordinated Al species. The mesoporous structure of AlMCM-41 is retained after modification, but pore size decreases by ca. 3 Å by the modification. The active sites are postulated on the basis of XRD, FTIR, 27 Al MAS NMR, TGA, BET analysis and FTIR-pyridine adsorption studies that -OSO 3 H bonded to octahedrally coordinated Al species. #
Introduction
The recent discovery of well-ordered mesoporous MCM-41 has opened a new field in advanced material research [1] . This material has a very high surface area and pore diameter that can be tailored from 20 to 100 Å , making it a promising candidate as catalysts and supports [1] . However, there is no acidity in purely siliceous MCM-41. It has been reported that Brönsted acid site can be created by incorporation of metal such as aluminum into their framework [2] or via post-synthesis modifications [3] . However, such method is limited in producing moderate Brönsted acid strength [2] . Therefore, a demand for enhancing the acidity is needed to overcome this problem. Recently, several researchers [4] [5] [6] [7] have reported the sulphation on the surface of AlMCM-41 and TS-1 materials to improve their catalytic activity. They reported that sulphation leads to produce only Lewis acidity. Most recently, we reported a new approach to produce Brönsted acidity in AlMCM-41 by sulphation method [7] . The approach is based on the idea that the acidity formed is influenced by the use of hydrophobic solvent so that it can protect the sulphate group from being hydrolyzed and produce Brönsted acid sites. We have also demonstrated that sulphated AlMCM-41 catalyst prepared by sulphation catalyzes dibenzoylation of biphenyl [8] . In the present study, we examined the physicochemical properties of sulphated AlMCM-41 in more detail and evaluated its catalytic activity in liquid phase tert-butylation of phenol.
Liquid phase tert-butylation of phenol has been studied extensively because it is widely used in the production of antioxidant intermediates, phenolic resins, heat stabilizers of polymeric materials, fragrances, oil field chemicals and demulsifiers [9, 10] . In general, this reaction is catalyzed by conventional homogeneous acid catalysts such as Brönsted acids (H 2 SO 4 , HF, H 3 PO 4 and HClO 4 ) and Lewis acids (AlCl 3 and BF 3 ) [11] . However, these catalysts are environmentally unfriendly, unselective and require tedious work-up. Usually, tert-butylation of phenol using zeolitic catalysts is carried out in vapour phase. Vapour phase tert-butylation of phenol over zeolitic catalysts produced ortho, meta, para, ortho-ortho and ortho-para di-tert-butylated products [10, [12] [13] [14] [15] [16] [17] [18] . The reaction requires higher temperature (>140 8C) to be carried out. This reaction has not been studied intensively using solid acid catalyst www.elsevier.com/locate/apcata Applied Catalysis A: General 323 (2007) [58] [59] [60] [61] [62] [63] [64] [65] at low temperature [19, 20] . In this paper, liquid phase tertbutylation of phenol with methyl tertiary butyl ether (MTBE) at low temperature in the presence of sulphated AlMCM-41 is demonstrated. For comparison, the activity of some solid and liquid acid catalysts, such as HZSM-5, H 2 SO 4 , tungstophosphoric acid (HPW) and HAlMCM-41 were also studied.
Experimental

Synthesis of AlMCM-41
AlMCM-41 with SiO 2 /Al 2 O 3 = 15 and 80 were prepared in the following way using published method [21] . In a typical synthesis, sodium silicate (Na 2 SiO 3 ) was prepared by combining rice husk ash (6.13 g, 97% SiO 2 ) with NaOH pellet (2.00 g, Merck 99%) and H 2 O (40.0 ml, double distilled). The resulting gel mixture was heated and stirred for 2 h at 90 8C. The resulting gel was vigorously stirred for 15 min and kept in an air oven for crystallization at 100 8C for 24 h. The gel mixture was then cooled to room temperature and the pH of the reaction mixture was adjusted to pH 10.2 by drop wise addition of 25 wt.% acetic acid (Merck) with vigorous stirring. The subsequent 24 h heating and pH adjustment was repeated twice. The final product was filtered, washed, dried and calcined at 550 8C in air for 10 h with a heating rate of 1 8C min À1 .
Preparation of HAlMCM-41 and sulphated AlMCM-41
Calcined MCM-41 mesoporous materials (0.700 g) in Na + form was put into a 50 ml of 0. 
Catalysts characterization
The XRD patterns of powdered MCM-41 samples were recorded between 1.58 and 10.08 2u with a Bruker Advance D8 using Siemens 5000 diffractometer with Cu Ka radiation operating at l = 1.5418 Å , 40 kV, 40 mA. The FTIR spectra were recorded using a Perkin-Elmer Spectrum One FTIR spectrometer with a resolution of 4 cm À1 and 10 scans in the mid IR region (400-4000 cm À1 ). Micromeritics ASAP 2010 volumetric adsorption analyzer was used to measure the N 2 adsorption-desorption isotherms of the samples. Prior to the measurements, the samples were degassed at 200 8C overnight. The data were acquired automatically by the computer program. TGA measurements were recorded by using a Mettler Toledo TGA/SDTA851 Thermogravimetric/Differential Thermal Analyzer at a heating rate of 10 8C/min, from room temperature to 800 8C in an air flow of 20 ml/min. 27 Al MAS NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer at a frequency of 104.2 MHz with a spin rate of 7 kHz, pulse length of 1.9 ms, relaxation time delay of 2 s and 5000 scans. The chemical shifts of 27 Al were reported in relation to Al(H 2 O) 3+ . IR spectra of adsorbed pyridine were recorded to determine the presence of Brönsted and Lewis acid sites over the catalysts. A self-supporting wafer (15 mg) of the sample was preheated at 200 8C for 2 h under vacuum (10 À6 mbar) before adsorbing an excess of pyridine at room temperature, followed by desorption at 150 and 350 8C. All the spectra were recorded with a 4 cm À1 resolution and 10 scans in the range of 1650-1440 cm À1 .
Catalytic tests
tert-Butylation of phenol whereby phenol (4 mmol), MTBE (4 mmol) and 0.5 g of activated catalyst were added to a refluxed and magnetically stirred round bottom flask (50 ml) under atmospheric pressure containing hexadecane (30 ml) and nitrobenzene (10 ml) as internal standard and solvent, respectively, at 110 8C. Catalyst was activated at 200 8C for 2 h before conducting reaction in order to remove adsorbed water vapor. The products were analyzed by GC-MS (Agilent 6890N-5973 Network Mass Selective Detector) equipped with HP-5MS column (30 m Â 0.251 mm Â 0.25 mm). The products were also periodically withdrawn and analyzed by GC (Thermofinnigan's Chrom-Card S/W for Trace/Focus TM GC) equipped with a flame ionization detector (FID) and a non-polar capillary column (Equity 1). The same procedures were also performed for other catalysts where 0.5 g of solid acid catalyst and 0.56 mmol of homogeneous catalysts were used. Besides, the other solvents (10 ml) with different polarity such as dodecane and chlorobenzene were used to study the effect of solvent. Apart from that, phenol: MTBE ratio = 1:1, 1:3 and 1:6 were used in order to study the effect of MTBE loading.
Leaching test
In order to check the possible leaching, sulphated AlMCM-41 was suspended in nitrobenzene. After the mixture was stirred for 6 h at 110 8C, the suspension was centrifuged to separate the solid catalyst. The reaction was performed after washing and drying of the catalyst with hexadecane, phenol (4 mmol) and MTBE (4 mmol) under reflux at 110 8C for 6 h. The reaction solution was then taken out and analyzed by GC.
Results and discussion
Physical properties
The XRD patterns of protonated and sulphated AlMCM-41 are shown in Fig. 1 . As displayed in the figure, the samples exhibit an intense signal at about 2u = 2.28 due to (1 0 0) plane and weak signals between 3.58 and 6.08 due to (1 1 0) and (2 0 0) planes. These peaks are typical of MCM-41 materials which confirm the hexagonal mesophase of the materials [1] . Meanwhile, a typical XRD pattern after sulphation of AlMCM-41 showed weaker peaks of (1 0 0), (1 1 0) and (2 0 0) planes indicating that the long range order of AlMCM-41 has decreased after the modification. However, as shown in Table 1 , a decrease of the value of d-spacing and unit cell parameter was observed indicating a decrease in pore diameter of AlMCM-41 due to the incorporation of sulphate groups. This suggests that sulphate groups have been successfully immobilized in the pore of MCM-41.
The results from Table 1 also infer that the pore volume and pore diameter of the series of sulphated AlMCM-41 decrease in both surface area and pore volume in comparison to that of protonated AlMCM-41. The changes in pore volume and surface area may be due the decomposition of pore structure of AlMCM-41 and it is in line with the results of XRD analysis. Apart from that, further investigation also reveals that the pore diameter decreases steadily for the sulphated samples with increment in aluminum content. The shrinkage of pore diameter might be due to dealumination process to produce extraframework aluminum (EFAL) which reacts with sulphate ion. One expects that these sulphated aluminum species will cover the surface of the pore, leading to reduction of pore diameter and pore volume as illustrated in Fig. 2 . Additionally, pore diameter and pore volume shrinkages are also owing to reaction between the sulphate groups with the surface silanol groups. In our previous results, it has been proven that sulphate groups not only react with aluminum but also surface silanol group [8] . Hence, the pore diameter will become smaller as more sulphated aluminum and silicon species are in the sample. Meanwhile, the pore wall thickness for all protonated samples remains fairly constant. However, its thickness increases after sulphation. It may be due to coverage of sulphated aluminum species on the pore walls, leading to increment in pore wall thickness. 27 Al MAS NMR data, it shows that Brönsted acid in sulphated MCM-41 is attributed to octahedrally coordinated aluminum since the peak for tetrahedral aluminum was not observed in 27 Al MAS NMR spectra (see Fig. 7 ). This phenomenon is supported by the pyridine-FTIR spectra of protonated and sulphated AlMCM-41 at different temperature. It is clear from Table 1 that as the desorption temperature is increased, the amount of Brönsted acid site in sulphated AlMCM-41 is still higher than that of protonated AlMCM-41 (H15 and H80). This suggests the existence of strong Brönsted acid sites in sulphated AlMCM-41 whereby it is required in obtaining di-tertbutylation products [18] . Fig. 3 shows the nitrogen adsorption-desorption isotherms of protonated and sulphated AlMCM-41. The nitrogen adsorption-desorption isotherms of both types of samples possess the typical irreversible type IV adsorption isotherm with type H4 hysteresis loop in accordance with IUPAC recommendations [23] . It shows that the resultant MCM-41 materials possess uniform slit-shaped mesopores. The adsorption isotherm of S-80 and S-15 exhibits a sharp inflection at relative pressures of 0.20 < P/P 0 < 0.35, which corresponds to capillary condensation of nitrogen inside the mesopores [24] . The isotherm was followed with a plateau with a slight inclination at high relative pressures which is due to multilayer adsorption on the surface of the sample. However, the protonated samples exhibit higher and steeper capillary condensation step than that of the sulphated samples. There is also a marked decrease in volume adsorbed for sulphated AlMCM-41 samples. This strongly suggests that sulphate groups have been successfully immobilized in the pore of MCM-41, resulting in reduction of pore volume as discussed previously.
The infrared spectra of the protonated and sulphated AlMCM-41 molecular sieves are presented in Fig. 4 water and a slight weight loss above 200 8C due to thermal condensation of silanol groups. It can be observed that the thermogram of S-80 taken in air exhibits one additional stage of weight loss; 300-800 8C, which corresponds to the decomposition of sulphate groups attached on the surface of MCM-41. From the data obtained, H-80 followed two steps of weight loss whereas the S-80 involved three steps of weight loss, verifying that the sulphate groups had successful attached to the surface of MCM-41. Fig. 6 shows the 27 Al MAS NMR spectra of H-80 and H-15 samples. The spectra of both samples show two intense signals at 54 and 0 ppm which correspond to the tetrahedral aluminum in the framework structure and octahedrally coordinated extraframework aluminums (EFAL), respectively [20] . The intensity of both peaks increases as the aluminum content increases. Conventionally, Lewis acid is attributed to the octahedrally coordinated aluminums while the Brönsted acid is attributed to framework tetrahedrally coordinated aluminum. It can be inferred that the results acquired by 27 Al MAS NMR and pyridine-FTIR spectroscopies for H-80 and H-15 are compatible.
However, in the case of sulphated AlMCM-41, the conventional rule contradicts with the results obtained because the spectra of S-80 and S-15 shown in Fig. 7 reveal the presence of only two peaks at 0 and À5 ppm which are assigned to two types of octahedrally coordinated aluminums. Since the 27 Al MAS NMR study does not reveal the presence of the peak for tetrahedral aluminum, the Brönsted acidity must be due to the introduction of hydrogen sulphate group (-OSO 3 H) into the sample that may have formed bonds with the octahedral aluminum. The disappearance of the peak corresponding to tetrahedral aluminum indicates that after treatment with sulphuric acid, tetrahedrally coordinated aluminum was dealuminated from the framework and transformed to octahedral aluminum; generally referred to as extraframework aluminum (EFAL). After detail examination of spectra of S-80 and S-15, it can be suggested that a strong peak at 0 ppm corresponds to octahedral Al in Al 2 (SO 4 ) 3 [26] and another peak at around À5 ppm is due to octahedral Al in sulphated Al species [8] .
Generation of Brönsted acidity instead of Lewis acidity by sulphation seems unusual because previously it has been reported that the sulphation generates only Lewis acidity [4] [5] [6] [7] . Although the mechanism of generation of Brönsted acid sites in sulphated has not yet been clearly understood, this phenomenon could be explained in term of the use of hydrophobic solvent during the sulphation of AlMCM-41. The sulphate groups attached to the AlMCM-41 would be hydrolyzed in hydrophilic solvent such as water to produce Lewis acid sites. However, hydrophobic organic solvent such as dehydrated toluene could protect sulphate groups from being hydrolyzed and hence produce Brönsted acid sites. The alternative explanation is that the possibility of the formation of p-toluenesulfonic acid (TsOH), a strong organic acid, through sulphonation of toluene. It is possible that the TsOH react with tetrahedrally coordinated Al species and protect it from being hydrolyzed to produce Lewis acid site. However, the existence of TsOH cannot be detected due to its trace amount in the solid catalyst.
Based on the above considerations and experimental results, a model of the sulphated AlMCM-41 with Brönsted acid sites is proposed (see Fig. 8 [27] . One considers that the sulphuric acid would react with Si-OH and Al-OH, leading to migration of Al atom to extraframework to produce Al 2 (SO 4 ) 3 which has no acidity. It is proposed that the Brönsted acid site is created through attack of two anions of -OSO 3 H (strong nucleophile) to Al atom to form trivalent Al followed by stabilization of Al atom with octahedral coordination through covalent with hydrogen sulphate (-OSO 3 H) groups which are attached to Si atoms (see Fig. 8 ).
Catalytic activity for tert-butylation of phenol
The activity of S-80 and S-15 catalysts were tested in tertbutylation reaction of phenol. The effect of temperature towards tert-butylation of phenol under batch and atmospheric pressure conditions was studied at 110 8C. Table 2 tabulates the conversion and selectivity of products after 6 h of reaction. S-15 and S-80 were able to convert 52.0 and 59.7% of phenol, respectively. It can also be observed that S-80 was more active than S-15 due to the higher amount of acid site in S-80 than in S-15 (see Table 1 ).
The influences of the molar ratio of phenol to MTBE on the activity and selectivity of S-80 were also studied at 110 8C. Table 3 tabulates the phenol conversion and product selectivity of the reaction using the molar ratio of phenol to MTBE are 1:1, 1:3 and 1:6. It is clear that an increase in the conversion of phenol and selectivity to 2,4-DTBP was observed with the decrease in phenol to MTBE molar ratio. However, a decrease in conversion and selectivity to 2,4-DTBP was observed when the molar ratio of phenol to MTBE equals to 1:6 was used. Besides, no product was observed when MTBE was used as solvent in the reaction. It was found that the reaction system with molar ratio of phenol:MTBE = 1:3 is the most suitable condition for di-tert-butylation of phenol over S-80.
In order to study the effect of solvent towards the activity of tert-butylation of phenol, several solvents with different polarity measured with E N T such as nitrobenzene (PhNO 2 ), chlorobenzene (PhCl) and dodecane (C 12 H 26 ) were used as reaction solvent. Results from Table 4 indicate that the activity of the catalyst in tert-butylation of phenol is higher when a low polar solvent (e.g. C 12 H 26 ) is used. This might be due to the occurrence of competitive adsorption between reactant and solvent on the surface of catalyst. Theoretically, highly polarizable molecules (e.g. PhNO 2 ) can interact stronger with the surface of catalyst via hydrogen bonding or electron donation [28] . Such interaction can poison the rate of adsorption-desorption rate of reactant that will slower the alkylation process. Low polarizable molecules (e.g. C 12 H 26 ), a The reactions were carried out at 110 8C for 6 h over S-80 catalyst with the molar ratio of phenol to MTBE was 1:1.
however, can only weakly interact with active sites of catalyst via induced dipoles and hence do not affect the adsorptiondesorption rate as occur in PhNO 2 and PhCl. As a result, the reaction favourably occurs in non-polar solvent. As tabulated in Table 4 , the reaction rate or activity of the catalyst for the solvent with different polarity is found to be in the following order: PhNO 2 < PhCl < C 12 H 26 . Table 5 summarizes the results of tert-butylation of phenol over various types of catalysts; HZSM-5 (SiO 2 /Al 2 O 3 = 30), H 2 SO 4 , tungstophosphoric acid (HPW) and HAlMCM-41 (H-80). It is interesting to note that HZSM-5 gave very small conversion of phenol (12.0%) due to small channel structure [11] , making the reactants and products have difficulty to diffuse effectively in the pore of zeolite HZSM-5. Therefore, the reaction was only able to be catalyzed by the acid sites located on the external surface of HZSM-5. On the other hand, large mesoporous materials such as HAlMCM-41 (H-80) and sulphated AlMCM-41 (S-80) are beneficial in catalyzing this reaction. The occurrence of such phenomenon might be due to the effect of surface polarity of the support. It is known that the sulphate (-OSO 3 À ) anion is a polar group. The existence of this anion on the surface of sulphated AlMCM-41, makes it more polar and hydrophilic than HAlMCM-41. As a consequence, the polar reactant such as phenol tends to be attracted to the surface and is activated to undergo tert-butylation reaction. It is revealed that the activity of concentrated sulphuric acid and HPW is comparable to those of sulphated AlMCM-41, giving 59.7% conversion of phenol but less selective to 2,4-DTBP, indicating that the amount or/and strong acid sites in sulphuric acid and HPW are not comparable in producing disubstituted 2,4-DTBP. This suggests that the generation of Brönsted acidity in AlMCM-41 by sulphation plays an important role for enhanced liquid phase tert-butylation of phenol in producing disubstituted products. Hence, the study indicates that sulphated AlMCM-41 is a promising candidate as a catalyst for acidic catalytic reaction such as di-tert-butylation of phenol that requires strong and large amount of acid sites.
Leaching is a particular problem of solid catalysts in liquidphase reaction especially when polar or protic solvents are used [29] . The activities of the recovered and dried sulphated AlMCM-41 were negligible when nitrobenzene; a polar solvent was used in the leaching test at 110 8C. This strongly suggests that the sulphate groups are chemically bonded to the mesoporous support and it agrees with the result obtained by thermogravimetry analysis.
Conclusions
Sulphated AlMCM-41 with different SiO 2 /Al 2 O 3 ratios was synthesized using impregnation of sulphuric acid in organic solvent and its physicochemical properties were intensively investigated. From the results of 27 Al NMR and pyridine-FTIR spectroscopies, it was found that sulphated AlMCM-41 contains octahedral aluminum with Brönsted acidity. The results reveal that sulphated AlMCM-41 shows a good activity in tert-butylation of phenol with MTBE at 110 8C. The results also show that the sulphated sample with higher SiO 2 /Al 2 O 3 ratio gave higher activity towards tert-butylation of phenol whereas non-polar solvent (C 12 H 26 ) is beneficial in increasing the activity of sulphated AlMCM-41 in tert-butylation of phenol. Since the activity of sulphated AlMCM-41 is comparable with concentrated sulphuric acid and HPW, one considers that the hydrophilic nature and the ordered structure of sulphated AlMCM-41 may contribute to high activity and selectivity in tert-butylation of phenol. It is revealed that sulphated AlMCM-41 faces negligible leaching problem which offers another environmentally friendly replacement for conventional acidic catalyst. 
